Saccharomyces cerevisiae normally cannot assimilate mannitol, a promising brown macroalgal carbon source for bioethanol production. The molecular basis of this inability remains unknown. We found that cells capable of assimilating mannitol arose spontaneously from wild-type S. cerevisiae during prolonged culture in mannitol-containing medium. Based on microarray data, complementation analysis, and cell growth data, we demonstrated that acquisition of mannitol-assimilating ability was due to spontaneous mutations in the genes encoding Tup1 or Cyc8, which constitute a general corepressor complex that regulates many kinds of genes. We also showed that an S. cerevisiae strain carrying a mutant allele of CYC8 exhibited superior salt tolerance relative to other ethanologenic microorganisms; this characteristic would be highly beneficial for the production of bioethanol from marine biomass. Thus, we succeeded in conferring the ability to assimilate mannitol on S. cerevisiae through dysfunction of Tup1-Cyc8, facilitating production of ethanol from mannitol.
M
acroalgae, consisting of green, red, and brown algae, are promising sources of biofuels for several reasons: (i) macroalgae are more productive than land crops; (ii) arable land is not required for algal cultivation, obviating the necessity for irrigation, fertilizer, etc.; and (iii) macroalgae contain no lignin (1) (2) (3) (4) . Both red and brown algae contain high levels of carbohydrates, and a method for producing biofuel from these carbohydrates would be of tremendous economic and environmental benefit.
Brown macroalgae contain up to 33% (wt/wt [dry weight]) mannitol, which is the sugar alcohol corresponding to mannose and a promising carbon source for bioethanol production (1, 5, 6) . Although some bacteria, such as Escherichia coli and Zymobacter palmae, can assimilate mannitol, i.e., utilize mannitol and produce ethanol (6, 7) , bacteria are generally sensitive to ethanol, as well as, several other growth-inhibitory compounds. Z. palmae and E. coli KO11 can produce ca. 1.3% (wt/vol) and 2.6% (wt/vol) ethanol from 3.8% (wt/vol) and 9.0% (wt/vol) mannitol, respectively; however, both strains are sensitive to 5% (wt/vol) ethanol (8, 9) . Yeast is currently considered to have several advantages over ethanologenic bacteria, including high tolerance to ethanol and inhibitory compounds (10) . Several yeast strains, such as Pichia angophorae and Saccharomyces paradoxus NBRC0259-3, can produce ethanol from mannitol (8, 11) . However, compared to the well-characterized model organism Saccharomyces cerevisiae, the host-vector systems of these yeasts are not well equipped, and their genetics and physiologies are poorly defined.
Mannitol dehydrogenase is the key enzyme that catalyzes the pyridine nucleotide-dependent oxidation of D-mannitol to Dfructose (12) . Despite the existence of genes encoding putative homologs of mannitol dehydrogenase (YEL070W and YNR073C), S. cerevisiae strains, including the S288C reference strain, are unable to assimilate mannitol for growth; a few exceptions exist, such as the polyploid strain BB1 (13) . This inability of S. cerevisiae to assimilate mannitol has prevented construction of a system for production of ethanol from mannitol using yeast (i.e., a yeastalgal bioethanol production system), for which there is a great demand. A recent study described a genetically manipulated S. cerevisiae strain that acquired the ability to metabolize mannitol and alginate, another brown macroalgal carbon source, and further showed that expression of mannitol dehydrogenase and mannitol transporter was sufficient to allow growth on mannitol (14) . However, the regulatory mechanisms of the genes involved in mannitol metabolism in S. cerevisiae remain poorly understood.
In this study, we found that S. cerevisiae can acquire the ability to assimilate mannitol for ethanol production by developing spontaneous mutations in TUP1 or CYC8. Tup1-Cyc8 (also known as Tup1-Ssn6) is a general transcriptional corepressor that is conserved in many eukaryotic organisms (15, 16) . The complex is composed of four molecules of Tup1 and one molecule of Cyc8 (17) . Tup1-Cyc8 is implicated in the repression of over 300 genes, including genes that are cell type-specific, glucose repressible, DNA damage inducible, or involved in flocculation or the hypoxic response (18, 19) . Our results strongly suggest that the inability of wild-type S. cerevisiae to assimilate mannitol can be attributed to the repressive functions of the Tup1-Cyc8 corepressor. Thus, our findings shed light on previously unknown mechanisms of mannitol metabolism in S. cerevisiae.
MATERIALS AND METHODS
Microorganisms. The S. cerevisiae strains used in the present study are listed in Table S1 in the supplemental material. E. coli strain KO11 (ATCC 55124) was purchased from the American Type Culture Collection. P. angophorae (CBS5830) (8) was purchased from CBS-KNAW Fungal Bio-diversity Centre. S. paradoxus strain NBRC0259-3 was obtained previously (11) .
Media and general techniques. Standard yeast media were used (20) . Yeast extract-peptone-dextrose (YPD), yeast extract-peptone-mannitol (YPM), and yeast extract-peptone-glycerol (YPG) media consisted of YP (2% yeast extract and 2% tryptone, pH 5.6) with 2% glucose, 2% mannitol, and 3% glycerol, respectively. SC and SM media consisted of 0.67% yeast nitrogen base without amino acids (BD) and complete amino acids/ nucleosides (Clontech) with 2% glucose or 2% mannitol, respectively. In the case of cells carrying plasmid, dropout supplement ϪUra (Clontech) was used instead of complete amino acids/nucleosides. Yeast strains were maintained on YPG plates to retain ϩ cells, which have intact mitochondrial genomes (20, 21) . Strains that exhibited growth defects on YPG plates (i.e., tup1⌬, cyc8⌬, and MK4437 strains) were maintained on YPD plates. All yeast cultures were grown at 30°C. For measurement of cell growth, cells were suspended in sterilized distilled water (SDW) and inoculated into 1 ml of SC or SM medium in a test tube at an optical density at 600 nm (OD 600 ) of 0.1. Strains were grown for 3 days at 145 strokes per min (spm), and the OD 600 values of the cultures were measured every day. In the case of flocculated cells, the OD 600 was measured only on the third day after the culture was mixed with 0.1 volumes of 500 mM EDTA. For measurement of ethanol or sugar concentrations or mannitol dehydrogenase activity, cells on YPG plates were grown on YPM plates for approximately 3 days, suspended in SDW, and inoculated into 50 ml of YPM medium in a 100-ml Erlenmeyer flask at an OD 600 of 0.1. Cells were precultured for 24 h at 95 spm, washed once with SDW, resuspended in SDW, and inoculated into 50 ml of YPD or YPM medium in a 100-ml Erlenmeyer flask at an OD 600 of 0.1. To measure the salt tolerance, strains were grown in 1 ml of YPD medium (E. coli KO11 was grown in LBD medium [11] instead) in a test tube with or without 1 M NaCl for 1 day at 145 spm, and the OD 600 of each culture was measured. In the case of flocculated cells, OD 600 was measured after mixing the culture with 0.1 volumes of 500 mM EDTA.
Analytical methods. Ethanol was assayed using an ethanol assay F-kit (Roche). Concentrations of glucose and mannitol were determined using a high-pressure liquid chromatography apparatus equipped with an Aminex HPX-87H (300 by 7.8 mm; Bio-Rad) column (65.5°C, elution with 5 mM H 2 SO 4 at 0.65 ml/min) and a RID-10A detector (Shimadzu). Protein concentration was determined by using the Bradford reagent (Sigma) (22) with bovine serum albumin as a standard.
Microarray analysis. Yeast cells that had been pregrown on YPG plates were suspended in SDW and inoculated into 50 ml of SC or SM medium in a 100-ml Erlenmeyer flask at an OD 600 of 0.1 and then cultivated at 145 spm for 24 h (strain BY4742 in SC medium and strains MK3619 and MK3683 in SM medium) or 28 h (strain MK3683 in SC medium). RNA was extracted from the cultured cells using hot phenol (23) , treated with DNase I, purified on an RNeasy column (Qiagen), and used for microarray analysis. RNA samples were analyzed using NimbleGen Systems according to the manufacturer's instructions. DNA microarrays from NimbleGen Systems include 5,747 target genes from S. cerevisiae S288C fixed on glass slides; each gene is represented by up to six unique probes consisting of 60-mer synthetic oligonucleotides. The arrays were scanned using a NimbleGen MS200 microarray scanner, and the raw data were analyzed using quantile normalization and the RMA algorithm (24) . These normalized data were processed using ArrayStar (DNASTAR). Information regarding the function of each gene was obtained from the Saccharomyces Genome Database (http://www.yeastgenome.org/). This microarray analysis was conducted only once.
Gap-repair cloning. Gap-repair cloning was performed as described previously (25) . For the TUP1 gene, the open reading frame (ORF; 2,142-bp) and flanking 5= (1,588-bp) and 3= (1,228-bp) sequences were cloned into the SmaI site of YCplac33 (26) and digested with PmlI and MscI. For the CYC8 gene, the ORF (2,901-bp) and flanking 5= (2,337-bp) and 3= (1,389-bp) sequences were cloned into the SmaI site of YCplac33 and digested with MfeI and EagI. Digested fragments were used to transform yeast cells, and the gap-repaired plasmids were recovered from the transformed cells. Sequences of the cloned genes were compared to those deposited in the Saccharomyces Genome Database (http://www.yeastgenome.org/).
Assay of mannitol dehydrogenase activity. Yeast cells cultured in 50 ml of YPD or YPM medium for 2 days at 95 spm were washed once with SDW, and half of the cells were resuspended in 750 l of 50 mM sodium phosphate (pH 6.5). After acid-washed glass beads (Sigma) were added to the suspension, the cells were disrupted by using a FastPrep 24 (MP Biomedicals) at 6.5 m/s for two periods of 30 s separated by an interval of 30 s on ice. The cell lysates were spun at 20,000 ϫ g for 10 min at 4°C, and the supernatant was used as cell extract. Mannitol dehydrogenase activity was continuously assayed at 30°C as described previously (27) in the following reaction mixture: 100 mM mannitol, 0.36 mM NAD ϩ , 25 mM N-cyclohexyl-2-aminoethanesulfonic acid (CHES; pH 9.0), and cell extract (0.5 to 10 g). One unit of enzyme activity was defined as 1.0 mol of NADH produced in 1 min at 30°C.
Microarray data accession number. The microarray data are available at the Gene Expression Omnibus (GEO) under accession number GSE55755.
RESULTS
Acquisition of the ability to assimilate mannitol by S. cerevisiae. S. cerevisiae strain BY4742 is a derivative of the reference strain S288C. BY4742 cells that were maintained on YPG plates exhibited no growth in liquid synthetic mannitol medium (SM medium: synthetic medium containing mannitol as a sole carbon source) even after 3 days of cultivation, an observation consistent with the previously reported inability of S288C to grow on mannitol (13) . After 6 days, however, the cultures reached saturation (Fig. 1A) . This growth phenotype was confirmed three times. When the saturated cultures were inoculated into fresh SM medium at an OD 600 of 0.1, the ensuing cultures reached saturation after only 2 days. These observations suggest that some of the BY4742 cells had spontaneously acquired the ability to utilize mannitol; these cells somehow adapted to the mannitol-containing medium, assimilated mannitol, and grew more rapidly than the unadapted cells.
To confirm this phenomenon, fresh BY4742 cells (approximately 5 ϫ 10 6 cells) that had been grown to log phrase in liquid YPD medium were spread onto SM plates. After 7 days of incubation, several visible colonies appeared on the plates (Fig. 1B) . This phenomenon was not specific to BY4742; we confirmed that other S. cerevisiae strains (AH109, BY4741, DBY877, EBY100, SEY6210, T8-1D, and YPH500) could also form visible colonies on SM plates after long incubations. Moreover, when fresh BY4742 cells were streaked on YPM plates and grown for 16 days, large visible colonies again formed (Fig. 1B) . Next, we spread BY4742 cells (ϳ10 7 ) harvested from YPG plates independently on SM and YPM plates. After incubation for more than 5 days, 5 to 200 (SM plates, n ϭ 4) or 6 to 16 (YPM plates, n ϭ 2) large colonies formed per plate. These data indicated that only some of the approximately 5 ϫ 10 6 to 1 ϫ 10 7 cells that were spread or streaked on SM or YPM plates spontaneously had acquired the ability to utilize mannitol, ruling out the possibility that the BY4742 cells simply exhibited a prolonged lag phase in SM or YPM medium. Several colonies derived from BY4742 cells on SM or YPM plates were isolated as strains that had acquired the ability to utilize mannitol (Mtlϩ strains) (Table 1), as described in the supplemental material. Two of these strains (MK3619 and MK3683) were initially chosen for further analysis.
BY4742, MK3619, and MK3683 grew well in synthetic complete medium (SC medium: synthetic medium containing glu-cose as a sole carbon source) (Fig. 1C) . As expected, MK3619 and MK3683 were able to grow in SM medium, although the parental strain BY4742 was not (Fig. 1C) . Moreover, MK3619 and MK3683 exhibited Ca 2ϩ -dependent flocculation (MK3619 in SC medium and MK3683 in both SC and SM media), whereas BY4742 did not (Fig. 1D ). Flocculation is a nonsexual, reversible cell aggregation (28) . In contrast to BY4742, when MK3619 and MK3683 were cultured in YPM medium, both strains took up mannitol and produced ethanol ( Fig. 1E and F) . Compared to MK3683, MK3619 consumed much larger amounts of mannitol and produced ethanol much more efficiently. These results indicate that MK3619 and MK3683 had acquired the ability to assimilate mannitol. The growth of MK3619 and MK3683 on SM plates was dependent on functional mitochondria and oxygen (see Fig. S1 in the supplemental material), confirming that assimilation of mannitol requires respiration, as reported previously (11, 13) .
Microarray analysis of transcripts in MK3619 and MK3683. To figure out how MK3619 and MK3683 acquired the ability to assimilate mannitol, we conducted a microarray analysis. The whole transcriptomes of MK3619 in SM medium and MK3683 in both SC and SM media were compared to that of the parental strain BY4742 in SC medium (control). We initially focused on 26 genes that were upregulated more than 4-fold in all three samples relative to the control (see Table S2 in the supplemental material). These genes included maltase (MAL32), isomaltase (IMA1, IMA2), ␣-glucosidase (IMA3), anaerobic cell wall mannoprotein (DAN1, TIR1), putative sorbitol dehydrogenase (SOR2), putative mannitol dehydrogenase (YEL070W), putative hexose transporter (HXT10), and DNA damage-inducible (HUG1) genes, genes involved in thiamine biosynthesis (THI5, THI11, THI12, and THI13), and genes involved in mating ( Fig. 1, MFA1 , MFA2, MF(ALPHA)2, BAR1). It should be noted that genes encoding a putative mannitol dehydrogenase and hexose transporter were upregulated in both MK3619 and MK3683. These findings suggest that MK3619 and MK3683 had acquired the ability to assimilate mannitol by activating transcription of a set of genes required for mannitol utilization. We next focused on the 20 putative hexose transporter genes identified in S. cerevisiae to date (29) . Among these genes, the expression of HXT10 in SM medium was remarkably induced in both MK3619 and MK3683 relative to the control (16.64-fold in MK3619 and 21.95-fold in MK3683), as mentioned above. HXT13, HXT15, and HXT17 were also upregulated by more than 2-fold relative to the control, and they were expressed at higher levels in SM medium than in SC medium (see Table S3 in the supplemental material). These results imply that Hxt13, Hxt15, Hxt17, and especially Hxt10 are involved in the uptake of mannitol.
Mechanisms underlying the acquisition of the ability to assimilate mannitol. We hypothesized that during cultivation in SM medium, MK3619 and MK3683 had acquired spontaneous mutations affecting the transcription of a set of genes required for mannitol utilization. The microarray data and flocculation phenotype of the MK3619 and MK3683 strains were reminiscent of the tup1 mutant, which exhibits flocculation (30) . Tup1 forms a corepressor complex with Cyc8 (also known as Ssn6) and regulates a large number of diverse genes, including genes that are cell type specific, glucose repressible, DNA damage inducible, or involved in flocculation or the hypoxic response (18, 19) . MFA1, MFA2, DAN1, TIR1, and HUG1 are upregulated in tup1 mutants (15, (31) (32) (33) . Because our microarray analysis had revealed the upregulation of these genes (MFA1, MFA2, DAN1, TIR1, and HUG1) in MK3619 and MK3683, as described above, we examined the growth of tup1⌬ cells in SC and SM media. We found that the tup1⌬ mutant was able to grow and flocculate in both SC and SM media ( Fig. 2A and see Fig. S2A in the supplemental material). To determine whether MK3619 and MK3683 had mutations in the TUP1 gene locus, we cloned TUP1 from MK3619 and MK3683 using the gap-repair cloning method. Subsequent sequencing revealed that MK3619 contained the G1382A mutation, causing a G461D substitution in Tup1, and MK3683 contained the C325T amber mutation, causing truncation of most of the C-terminal portion of Tup1 (residues 109 to 713) ( Fig. 2B and Table 1 ). The nucleotide sequence of TUP1 cloned from BY4742 was the same as that deposited in Saccharomyces genome database. To verify that the mannitol-assimilating abilities of MK3619 and MK3683 could be attributed to these mutations, we introduced the TUP1 alleles from each strain (MK3619, MK3683, and BY4742) into tup1⌬ mutant using the low-copy-number plasmid YCplac33. Transformed cells exhibited the same flocculation pattern and mannitol-assimilating phenotype as the strain from which the TUP1 allele was derived, demonstrating that the acquired phenotypes could be ascribed to these mutations in TUP1 (Fig. 1C, 1D , and 2C; see also Fig. S2B in the supplemental material) . Moreover, MK3619, MK3683, and the tup1⌬ mutant grown in YPD or YPM medium exhibited similar mannitol dehydrogenase activities, whereas BY4742 had no such activity (Table 2 ). To determine whether other Mtlϩ strains also had mutations in TUP1, we examined the TUP1 gene of the Mtlϩ strains other than MK3619 and MK3683 (Table 1) . One strain (MK4410) had a mutation causing a single amino acid substitution in Tup1, as in MK3619. Two strains (MK4443 and MK4447) had single-nucleotide substitutions in TUP1 leading to stop codons, as in MK3683. Three strains (MK4421, MK4446, and MK4449) had deletions in TUP1 resulting in frameshifts that created premature stop codons.
The remaining six Mtlϩ strains (MK4010, MK4412, MK4416, MK4437, MK4450, and MK4456) had no mutations in TUP1 (Table 1). Because Tup1 forms a complex with Cyc8 (16, 34), we next focused on the CYC8 gene. As expected, similar to the tup1⌬ mutant, the cyc8⌬ mutant was able to grow and flocculate in both SC and SM media, although the growth of the cyc8⌬ mutant was slightly slower than that of the tup1⌬ mutant ( Fig. 2A and see Fig.  S2A in the supplemental material). We found that several of the Mtlϩ strains (MK4412, MK4416, MK4450, and MK4456) had mutations in CYC8 (see Fig. S3A in the supplemental material and Table 1 ). The nucleotide sequence of CYC8 cloned from BY4742 was the same as that deposited in the Saccharomyces Genome Database. All of these strains were able to grow, but not flocculate, in SM medium (see Fig. S3B and C in the supplemental material). When we introduced each of these CYC8 alleles, as well as wildtype CYC8, into the cyc8⌬ mutant, the transformed cells exhibited the same flocculation pattern and mannitol-assimilating phenotype as the strain from which the CYC8 allele was derived ( Fig. 2D ; see also Fig. S2C , S3B, and S3C in the supplemental material). These results confirmed that the acquired phenotypes could be ascribed to the mutations in CYC8. Furthermore, we introduced wild-type CYC8 into the tup1⌬ mutant, the cyc8⌬ mutant, and each Mtlϩ strain that carried a mutation in CYC8. All of the transformed strains, except the tup1⌬ mutant, lost the ability to assim- 
a Flocculation and nonflocculation are denoted by plus (ϩ) and minus (-), respectively. b Changes in nucleotides are shown; changes in amino acid residues are indicated in parentheses. Deletion is indicated by a "⌬" symbol. A stop codon is indicated by an "X." ND, not determined. WT, wild type (no mutation). If mutations were not found by gap-repair cloning and subsequent sequencing, the genomic sequence of TUP1 or CYC8 was checked for confirmation. c Mutation in TUP1 was verified only by gap-repair cloning and subsequent sequencing.
ilate mannitol (Fig. 2E and see Fig. S2D in the supplemental material). These results confirmed that the mannitol-assimilating phenotype displayed by Mtlϩ strains MK4412, MK4416, MK4450, and MK4456 could be attributed to mutations on CYC8.
Based on these findings, we concluded that the majority of Mtlϩ strains had mutations in TUP1 or CYC8 and that these mutations were responsible for the acquisition of mannitol-assimilating ability. These results suggest a central role of the Tup1-Cyc8 corepressor in regulation of mannitol utilization. In other words, the inability of wild-type S. cerevisiae to assimilate mannitol can be attributed to repression by the Tup1-Cyc8 corepressor.
Ethanol production from mannitol using S. cerevisiae. Although all Mtlϩ strains could assimilate mannitol, their flocculation patterns differed, i.e., there was no correlation between flocculation phenotype and the ability to assimilate mannitol (Table  1) . Therefore, to minimize the effect of Tup1-Cyc8 dysfunction on pleiotropic phenotypes other than mannitol assimilation, we chose strains that did not have flocculation phenotypes in SM or SC media (i.e., MK4416 and MK4456) from among the Mtlϩ strains with mutations in TUP1 or CYC8.
Tolerance to salt is advantageous for bioethanol production from marine biomass, because it leads to increased productivity. We recently reported that S. paradoxus NBRC0259-3 is the most suitable yeast strain for the production of ethanol from mannitol and is superior in this regard to two other microbes, P. angophorae and E. coli KO11 (11) . Therefore, we compared the salt tolerances of MK4416 and MK4456 strains with that of S. paradoxus NBRC0259-3, P. angophorae, and E. coli KO11. Because we had confirmed that MK3619 produced ethanol from mannitol much more efficiently than MK3683 (Fig. 1E and F) , we also tested the salt tolerance of this strain. MK3619, P. angophorae, and E. coli KO11 exhibited much stronger sensitivity to salt than did S. cerevisiae BY4742 and S. paradoxus NBRC0259-3 (Fig. 3A) . On the other hand, MK4416 was more salt tolerant than MK4456 and was , and BY4742 (C) or CYC8 alleles from MK4412, MK4416, MK4450, MK4456, and BY4742 (D) were cloned into the low-copy-number plasmid YCplac33 by the gap-repair cloning method. Constructed plasmids were introduced into tup1⌬ (C) or cyc8⌬ (D) strains. BY4742, the tup1⌬ mutant, and the cyc8⌬ mutant carrying empty YCplac33 were used as controls. Numbers in parentheses represent the strain from which each allele was obtained. (E) YCplac33 containing wild-type CYC8 (from BY4742) and YCplac33 alone were introduced into MK4412, MK4416, MK4450, MK4456, the tup1⌬ mutant, and the cyc8⌬ mutant. BY4742 carrying YCplac33 was used as a control. (B) Schematic structure of Tup1 (713 amino acid residues). N-terminal (dark gray), central (light gray), and C-terminal (white) domains are shown. WDrepeat motifs are represented as arrows (39) . The mutated sites in MK3619 and MK3683 are indicated by arrowheads. comparable in this regard to BY4742 and NBRC0259-3 (Fig. 3A) . Therefore, we next examined the ethanol productivity of MK4416 relative to that of MK3619. Although MK3619 produced larger amounts of ethanol from glucose than MK4416, both MK3619 and MK4416 produced similar amounts of ethanol from mannitol (Fig. 3B ). In the presence of a high concentration of mannitol (100 g/liter), MK3619 and MK4416 were able to produce ϳ40 g/liter ethanol, a yield comparable to the yield from S. paradoxus NBRC0259-3 ( Fig. 3C) (11) . In the presence of salt (1 M NaCl), MK4416 was able to produce much more ethanol from mannitol than MK3619 (Fig. 3D ). This result is consistent with the high salt tolerance of MK4416 (Fig. 3A) . It is worth noting that MK4416 grown in YPD or YPM medium displayed much higher levels of mannitol dehydrogenase activity than MK3619 (Table 2) . Thus, S. cerevisiae MK4416, which carries a mutation in CYC8, is the most useful and suitable strain for the production of ethanol from mannitol.
DISCUSSION
Although a few S. cerevisiae strains, such as the polyploid strain BB1, are (for unknown reasons) capable of efficient growth on mannitol, the reference strain S288C is unable to assimilate mannitol (13, 35, 36) . Moreover, to date, the molecular mechanism underlying the ability to assimilate mannitol had remained unclear.
In the present study, we showed that S. cerevisiae strains that acquired the ability to assimilate mannitol by developing spontaneous mutations could be easily selected during prolonged culture in mannitol medium. S. cerevisiae is a powerful industrial tool because of its high stress tolerance, high ethanol productivity, and well-established genetic methods (10) . Therefore, mannitol-assimilating S. cerevisiae strains would be an ideal platform for development of a yeast-algal ethanol production system that would be superior to systems that use S. paradoxus or ethanologenic bacteria. A recent study described a genetically engineered S. cerevisiae strain with the ability to metabolize mannitol (14) . That study showed that the minimal genes required for growth on mannitol were mannitol dehydrogenase and a mannitol transporter, although the regulatory mechanism remained unexplained (14) . These results are consistent with our microarray data, which showed that genes encoding a putative mannitol dehydrogenase and hexose transporters were upregulated in Mtlϩ strains (see Table S2 in the supplemental material). Furthermore, our study identified Tup1-Cyc8 as a key regulator of the genes required for mannitol utilization, providing greater insight into the molecular mechanisms of mannitol metabolism. In addition, HXT10 and other hexose transporter genes were prominently upregulated in tup1 mutant cells (see Table S3 in the supplemental material). Currently, little is known about the function of Hxt10, but it appears to be unable to transport a significant amount of glucose (29, 37) . Thus, Hxt10 may function predominantly as a transporter of mannitol.
The Tup1-Cyc8 corepressor is implicated in the repression of wide variety of genes (18, 19) . The specificity of this repression is determined by specific DNA-binding repressors (16) . To identify the DNA-binding repressor that acts together with Tup1-Cyc8, we examined the growth in SM medium of 97 strains from the EUROSCARF MAT␣ haploid deletion set, including disruptants of known repressors such as mig1, rfx1, rox1, nrg1, and sko1 (see Table S4 in the supplemental material). All 97 disruptants were unable to grow in SM medium after 3 days of cultivation. One possible explanation is that an unknown novel repressor functions together with Tup1-Cyc8 to control mannitol metabolism. However, we speculate that several repressive mechanisms work cooperatively to regulate genes involved in mannitol metabolism. Tup1-Cyc8 represses transcription via multiple mechanisms (16, 19, 38) : modifying chromatin structure via recruitment of HDACs, directing the positioning of nucleosomes, inhibiting the general transcription machinery via direct interactions, and masking the activation domains of DNA-binding proteins to prevent the recruitment of coactivators. When the CYC8 allele from MK4416 was overexpressed in BY4742, the overexpressing cells did not grow in SM medium (see Fig. S4 in the supplemental material). This result suggests that only a small amount of wildtype Cyc8 is sufficient to repress the genes involved in mannitol metabolism. Thus, we speculate that only a few wild-type Tup1-Cyc8 molecules, acting via multiple mechanisms, can ensure the repression of genes involved in mannitol metabolism.
Among Mtlϩ strains, eight strains had mutations in the TUP1 gene ( Table 1 ). The mutated sites were not biased and were distributed all over the gene. There were two types of mutations: amino-acid substitutions and mutations that created a stop codon. Whereas six strains with stop codon mutations (MK3683, MK4421, MK4443, MK4446, MK4447, and MK4449) exhibited clear flocculation phenotypes similar to that of the tup1⌬ mutant, two strains with substitution mutations (MK3619 and MK4410) did not flocculate in SM medium ( Table 1 ). Given that Tup1-Cyc8 regulates many kinds of genes, including some involved in flocculation (18, 19) , these substitution mutations may predominantly affect mannitol assimilation but have little effect on flocculation. Moreover, both substitution mutations occurred in WD repeat motifs of Tup1 (Fig. 2B and Table 1 ). The WD repeat motifs of Tup1 are required for interactions with DNA-binding proteins (39, 40) . Therefore, the substituted amino acids (G461 and L602) may be important for interactions between Tup1 and a DNAbinding protein involved in regulation of mannitol metabolism.
Four Mtlϩ strains had mutations in CYC8 (Table 1 ). In three of these strains (MK4412, MK4416, and MK4450), mutations occurred in the C-terminal tetratricopeptide repeat (TPR) motifs of Cyc8 (41) (see Fig. S3A in the supplemental material) . The TPR is a conserved degenerate 34-amino-acid repeat motif that mediates protein-protein interactions (42, 43) . Previous reports showed that the C-terminal TPR motifs of Cyc8 are required for glucose repression (44) . Thus, factors involved in glucose repression may also be required for the regulation of mannitol metabolism by Tup1-Cyc8.
Two Mtlϩ strains (MK4010 and MK4437) did not have mutations in either TUP1 or CYC8 (Table 1) . We found that both of these strains gradually lost the ability to assimilate mannitol during serial passage on YPG (for MK4010) or YPD (for MK4437) plates. By the eighth passage, both strains had completely lost the ability to grow in SM medium (see Fig. S5 in the supplemental material). Furthermore, we examined the effects of precultivation of the representative Mtlϩ strains (Table 1) in SC liquid medium on their growth in SM liquid medium (see Fig. S6 in the supplemental material). The results showed that all tested Mtlϩ strains, including MK4010 and MK4437, maintained their ability to grow in SM liquid medium after at least two passages of precultivation in SC liquid medium.
Overall, the findings reported here indicate that Tup1-Cyc8 is a key regulator of mannitol metabolism that represents a good target for development of a yeast-algal bioethanol production system. Furthermore, we succeeded in conferring the ability to assimilate mannitol on S. cerevisiae through dysfunction of Tup1-Cyc8, thereby facilitating production of ethanol from mannitol, a promising brown macroalgal carbon source.
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Supplementary Results
Isolation of Mtl+ strains. Fresh BY4742 cells (approximately 5 × 10 6 cells; OD 600 of 1.0 corresponds to 0.7 × 10 7 cells/ml) were grown to log phase in liquid YPD medium and spread on SM plates. After 7 days of incubation, several visible colonies appeared on the plates (Fig. 1B) . Two colonies were randomly picked and purified twice by streaking on SM plates. The resultant clones were grown in SM liquid medium for 2 days and stored as glycerol stocks (glycerol conc. 17%) at -80°C as MK3619 and MK3683 (Table 1 ).
BY4742 cells (approximately 10 7 cells) were harvested from YPG plates, suspended in sterilized distilled water (SDW), and spread on YPM plates. After 7 days of incubation, approximately 16 large colonies were formed. Eight large colonies were picked and purified as described above. Of those eight colonies, two exhibited no growth in SM liquid media, one colony exhibited the Flo+ phenotype in both SC and SM liquid media, and four colonies exhibited the Flo+ phenotype only in SC liquid medium and Flo-growth in SM liquid medium. The remaining colony, which exhibited Flo-growth in both SC and SM liquid media after 2 days of cultivation, was stored at -80°C as described above as MK4010 (Table 1 ) .
BY4742 cells (approximately 10 7 cells) were independently harvested from YPG plates, suspended in SDW, and spread on SM plates. After 7 days of incubation, more than 70 colonies were formed. Approximately 70 colonies were purified on SM plates as described above, and their growth in SM liquid medium after 2 days of cultivation was examined. Thirty-eight colonies exhibited growth in SM liquid medium and were stored at -80°C as described above. Table 1) and four strains from group 2 (MK4410, MK4412, MK4437, and MK4450; Table 1) were selected and further analyzed. The ability of the strains in group 3 to produce ethanol was examined as described in MATERIALS AND METHODS. Briefly, the strains were grown on YPM plates for 3 days, inoculated to OD 600 of 0.1 in 50 ml YPM liquid medium in a 100 ml Erlenmeyer flask, and then grown at 30°C at 95 spm, collected, and suspended in SDW. The cells in the suspension were again inoculated to OD 600 of 0.1 in 50 ml YPM liquid medium in a 100 ml Erlenmeyer flask, and then grown at 30°C at 95 spm for 3 days. Unexpectedly, only MK4416 and MK4456 produced significant amounts of ethanol (at 5,281 and 3,924 mg/l, respectively), whereas MK4424 and MK4461 produced only 179 and 180 mg/l ethanol, respectively; the other strains produced less than 10 mg/l ethanol. MK4416 and MK4456 (Table 1) were selected and further analyzed. and SC liquid media in test tubes and grown at 30°C at 145 spm for 24 h. Then OD 600 of the culture in SM medium was measured after addition of 0.1 ml 500 mM EDTA followed with vortexing, and is indicated by a white bar (pre-cultivation in SC medium, none). Cells in the SC medium were collected, washed three times with SDW, again inoculated to OD 600 of roughly 0.1 in 1.0 ml SM and SC liquid media in test tubes, and grown as described above. Again, OD 600 of the culture in SM medium was measured as above and is indicated by a black bar (pre-cultivation in SC medium, only once). Cells in SC medium were collected, washed, inoculated, and grown as described above. OD 600 of the culture in SM medium was measured as described above and is indicated by a gray bar (pre-cultivation in SC medium, twice). Results are the means of three independent experiments, and error bars represent SDs. adr1, aft1, arl3, aro3, ash1, azf1, bas1, bem1, bio3, cin5, cup9, dan4, dot1, dot6, ecm22, eds1,   fkh1, fkh2, flo1, flo8, flo10, gcn4, gcn5, gcr1, gis1, gts1, hap2, hap3, hap4, hap5, hda1, hda2,   hek2, hhf1, hht1, hir1, hos2, hos3, ime2, isw2, med2, mga1, mig1, mig2, mot3, msn2, msn4,   mss11, mtm1, muc1, nrg1, opi1, pgd1, phd1, pho4, put3, rco1, rfm1, rfx1, rgt1, rim101 
